Electrothermal actuators (ETAs) that can convert electric energy into mechanical works have been extensively studied for their great potential in artificial muscles and robotics. However, the production of ETAs that enable complex and predictable deformation is still challenging. In this Letter, an ETA based on reduced graphene oxide (RGO) and polyethylene (PE) bimorph is developed through a facile laserscribing method. Since the laser-scribing technology permits flexible patterning, conductive RGO electrodes with complex circuit patterns can be readily produced on a thermally active PE film, forming an ETA capable of fast and reversible deformation. In addition, the laser-scribed ETA demonstrated orientation-defined bending performance, enabling more sophisticated deformation control. The laser scribing of graphene oxide has opened up a new way to produce ETAs towards cutting-edge applications such as soft robotics and intelligent systems.
Actuators that can convert external stimuli to mechanical motions have attracted great research interest in the fields of soft robotics, artificial muscles, micro-electromechanical systems, and various automatic systems [1] [2] [3] [4] . To date, various stimuli responsive actuators that can be manipulated by light [5] , chemicals [6] , moisture [7] [8] [9] , electricity [10, 11] , and heat [12] have been successfully developed through different energy conversion mechanisms. For example, Cheng et al. successfully fabricated the moisture responsive graphene fibers by selective laser modification [9] ; Wang et al. reported the superhydrophobic and photothermal gear that can be actuated by the Marangoni effect [4] ; Han et al. developed a plasma-assisted light-driven bimorph actuator that consists of a layer of gold nanorods loaded graphene oxide (GO) and a layer of polymethyl methacrylate, revealing great potential for bionic robots and artificial muscles [5] .
Among the above-mentioned actuators, electrical actuators are distinguished due to their high controllability and flexibility for manipulation [13] [14] [15] [16] [17] [18] [19] [20] . Generally, electrical actuators can be divided into three categories: (1) electronic actuators that respond to electric charge [13, 14] , (2) ionic actuators driven by ion migration [15] [16] [17] , and (3) electrothermal actuators (ETAs) that resort to an electrothermal effect [18] [19] [20] . Since two former kinds of actuators have their own limitations of high driving voltage and indispensable electrolyte environment, the ETAs have emerged as an appealing alternative for their distinct merits of low driving voltage, electrolyte-free, lightweight, and easy operation.
ETAs are generally based on bilayers that have distinct coefficients of thermal expansion (CTEs), in which one layer is electrothermally active, and the other layer enables thermal expansion [18] [19] [20] . Under electric actuation, the electrothermal layer can convert the electric energy into joule heat, leading to an increase of local temperature. Due to the distinct CTEs of the bilayers, an obvious mismatch of strain at the bilayer interface is generated and, thus, the bilayer bends to the side with smaller CTE value. According to this basic design principle, ETAs that feature fast and reversible deformation have been successfully produced using different materials. In spite of the rapid advancements, there still exist several open problems that should be addressed urgently. For instance, carbon nanomaterials such as carbon nanotube and graphene have been widely employed as an electrothermally layer considering their advantages of excellent conductivity, negative CTEs, high thermal conductivity, chemical stability, and outstanding mechanical performance [21] [22] [23] [24] [25] [26] [27] [28] . However, the fabrication of conductive patterns based on these carbon materials becomes the main barrier for developing carbon-based ETAs, since the processes usually involve complex procedures or rely on special equipment [29] [30] [31] [32] . Besides, most of the reported actuators that consist of "I-" or "U-"shaped electrothermal patterns can only accomplish very simple deformation, for instance, bending, which cannot meet the gradually increased requirement of applications in soft robotics [18, [33] [34] [35] . Few works that allow different bending performance still have problems with flexible patterning and simple fabrication [18] . Currently, programmable patterning of carbon electrothermal layers for developing ETAs that enables complex and predictable deformation is highly desirable, but it remains a big challenge.
In this Letter, we report a laser-scribing strategy for producing patterned reduced graphene oxide (RGO) electrothermal layer on a polyethylene (PE) film, enabling facile fabrication of graphene-based ETAs. Programmable laser scribing on graphene oxide (GO) films can trigger the removal of oxygen groups on GO sheets effectively, which renders its conductivity and leads to the formation of conductive electrothermal patterns with arbitrary shapes. Since GO/RGO and PE feature distinct CTEs (GO∕RGO: −6 × 10
∕K, PE: 20 × 10 −5 ∕K), the electrothermal effect would induce an obvious strain mismatch at the bilayer interface, leading to bending deformation towards the graphene side. Besides, laser scanning-induced RGO stripes with special orientation can further govern the bending direction of the ETAs, proving the possibility for more sophisticated deformation control. As a proof of concept, a bionic flytrap robot has been demonstrated for controllably capturing and releasing objects.
The simple and fast fabrication process of the RGO/PE bilayer film is shown in Fig. 1(a) . First, a GO solution prepared by a modified Hummers method is dripped directly on the PE filmcoated DVD disk [36, 37] . After drying GO naturally, the GO and PE-coated DVD disk is inserted into a light-scribe enabled optical drive (HP Inc. 557S) for subsequent laser-scribing process (laser source, 780 nm focused near-infrared laser; intensity, 5 mW; spot size, ∼6 μm). The DVD can be located and written repeatedly by Nero StartSmart Essentials software, which ensures precisely the reduction of GO according to predesigned patterns [38] [39] [40] . The whole reducing process takes no more than 25 min for one disk, which can produce several or even dozens of circuit patterns depending on the size of the actuators. The optical photos of a laser-scribed GO film are shown in Fig. 1(b) ; the goldenbrown GO turn into black RGO with electrical conductivity at accurate locations, and the circuits with positive and negative (−) terminals are designed to form conductive path for further actuating operation under applied voltage. After the bilayer film is peeled off from the disk and connected to the voltage source with copper wires, an electric-driven laser-scribed RGO (LsrGO)/PE actuator is obtained. Figure 1(c) is a schematic diagram that shows the details of the prepared LsrGO/PE ETA. The RGO path serves as an electrothermal layer which converts the input electric energy into joule heat according to electrothermal energy conversion; meanwhile, the PE layer is the thermal expansion layer owing to its high CTE (15 10 −5 ∕K). When applied with voltage, the conductive RGO region heats up the whole structure. The PE layer expends drastically, while the LsrGO almost keeps unchanged, leading to the actuation of the LsrGO/PE bilayer film, as shown in Fig. 1(d) .
To explore the reduction effect of light scribing on the GO/PE film, the X-ray photoelectron spectroscopy (XPS) analysis, the electrical testing (resistance) and the Raman spectra are carried out in room temperature (∼26°C) and ambient humidity (∼45%). The C1 XPS spectra of GO/PE film and LsrGO/PE film which, before and after laser scribing, are shown in Figs. 2(a) and 2(b) . The C1 spectra are mainly concerned with the oxygen and carbon content of the GO. Four typical binding energy peaks of GO at 284.8, 286.9, 287.4, and 288.9 eV represents C-C (non-oxygenated ring carbon), C-O (hydroxyl and epoxy carbon groups), C O (carbonyl groups), and O-C O (ester groups), respectively [ Fig. 2(a) ]. After laser treatment, the intensities of the relative oxygen contained groups (OCGs), including C-O, C O, and O-C O decrease drastically, conforming the removal of OCGs, which means GO has been successfully reduced to RGO [ Fig. 2(b) ]. Besides, according to XPS spectrum result, the content of oxygen element after 10, 20, 30, 40 and 100 times cycling is 11.62%, 11.1%, 11.97%, 11.26%, and 11.07%, respectively, which shows the stability of the ETA for cycling usage.
The current-voltage (I-V) curves of as prepared GO/PE film before and after laser scribing is shown in Fig. 2(c) . The original U-shaped GO film (355 mm 2 ) is insulated as the current stays 0 under test voltage from −10 to 10 V. The LsrGO is proved to be conductive, and its resistance is calculated to be 30 KΩ, according to Ohm's law (R V ∕I ). The results confirm laser scribing as an effective way to obtain conductive RGO with patterned superiority. Taking advantage of the maskless pattern property of a laser-scribing approach, various patterns with different distribution of RGO and GO can be obtained. Moreover, various deformations and complex motions can be achieved.
The Raman spectra (room temperature and ambient humidity, ∼26°C, 45%) in Fig. 2(d) give a further understanding of graphitized degree of the GO/PE film and LsrGO/PE film. The two characteristic bands of graphitized carbon are observed at 1350 (D band) and 1590 cm −1 (G band). The D band is generated by sp3-hybridized carbon vibrations, and the G band is attributed to the E2g phonon of C sp2 atoms. Normally, the ratio of the D peak intensity value to the G peak intensity value (I D ∕I G ) is used to express the disorder degree of graphite, which is slightly decreasing after laser scribing in this case [41] . The results indicate the recovery of sp 2 carbon induced by photoreduction. In order to verify the thickness of the thermal expansion layer (PE layer) impacting on bending performance, different U-shaped actuators [in Fig. 1(d) ] with PE film thicknesses of 30, 50, and 80 μm are investigated [inset of Fig. 3(a) ], expressed in LsrGO/PE (30 μm), LsrGO/PE (50 μm), and LsrGO/PE (80 μm), respectively. The bending performance is quantified by the curvature (1/R) of the actuator [inset of Fig. 3(c) ]. Figure 3(a) records the maximum curvature of the actuators under different voltage (30, 35, 40, 45, 50, 55 , and 60 V). The LsrGO/PE (30 μm) shows the best performance in all conditions. This is because thinner film needs less driving force to achieve its deformation. In other words, with equal joule heat generated by the same RGO channel under a certain voltage, films with a thinner PE layer tend to perform larger deformation. Hence, the LsrGO/PE (30 μm) is used for further experiment.
The temperature change of the actuator varies with different driving voltages (30, 40, 50 , and 60 V) is measured by an infrared camera, as shown in Fig. 3(b) . Figure 3(c) illustrates the corresponding curvature change as a function of input voltage. Initially, the temperature of the U-shaped actuator equals room temperature (about 26°C) without input voltage. Once the voltage is on, the temperature increases gradually and then reaches a stable highest value when the heat loss equals the generated heat. After the voltage is switched off, the temperature decreases to the original state. The result shows that with higher input voltage, the actuator could reach a higher temperature, which matches the Joule's law Q U 2 t∕R. Generally, for the same U-shaped actuator, the resistance remains unchanged; however, larger driving voltage leads to higher joule heat. The bending curvature varies as the same tendency with temperature change, as shown in Fig. 3(c) . The actuator bends and recovers, along with the temperature rising and falling. In detail, the bending curvature increases with the input voltage increment, that is, achieving a higher temperature, so that the expansion mismatch between the two layers becomes larger, leading to a greater extent of bending.
The morphology (room temperature and ambient humidity, ∼26°C, 45%) of laser-scribed RGO film can be observed in Fig. 4(a) ; the GO film turns into loose exfoliated layers along with the laser scanning path [inset of Fig. 4(a) ] while the untreated region remains smooth. The confocal laser scanning microscopy (CLSM) further shows the rough surface of the laser-scribing channel [ Fig. 4(b) ]. When applying electric power to the RGO/ PE bilayer, the current flows through the laser scanning path of conductive RGO and generates joule heat. Due to the thermal expansion of the PE layer, the bimorph bends in response to the strain mismatch at the bilayer interface. Interestingly, the RGO/PE bimorph presents an oriented bending performance that is always perpendicular to the laser-scribing direction due to the anisotropic microstructures formed by the circular laser scribing. Specifically, bending perpendicularly to the grating structures [ Fig. 4(a) ] would suffer much smaller resistance. Inspired by this phenomenon, a cross-shaped GO/PE actuator with a different pre-design path of LsrGO is designed, as illustrated in Figs. 4(d) and 4(e). When the LsrGO path is transversely arranged [ Fig. 4(d) ], the actuator bends in an up and down directions. In contrast, when the LsrGO path is longitudinally designed, as shown in Fig. 4(e) , the actuator bends in the left and right directions. Based on these distinct types of performances, multiform actuations can be achieved through complex pre-designed patterns and anisotropy behaviors. Figure 5 shows a complex functional ETA inspired by natural flytraps. First, a flytrap-shaped actuator In addition, the flytrap-shaped ETA can capture and hold a paper tube with a slippery surface [ Fig. 5(f) ]. This indicates the strong grasping force of the ETA.
In summary, an ETA composed of RGO and PE bimorph with programmable patterned electrothermal circuits is fabricated through a simple laser-scribing method. The resultant bimorph ETA performs fast, large-scale, and orientation-defined bending performance, processing multiform but controllable actuation ability. As a proof of concept, a flytrap-shaped ETA with actual grasping function is designed and fabricated successfully, resulting in a quick response (5 s), large deformation (1 cm −1 ) under a human safety input voltage (30 V). The laser-scribing fabrication method reported in this Letter may open up a new way for developing ETAs with a fast response and multiform deformation, revealing great potential for flexible actuation, artificial muscles, and bionic robots.
